Abstract: By anionic ring opening polymerization initiated by cyclodextrin oxyanions generated from NaH and -cyclodextrin  (-CD), novel biodegradable -CD cored star-shaped poly(-caprolactone)s (s-PCLs) were synthesized and then characterized by means of FTIR, GPC, 1 H-NMR. The effects of different feed molar ratios of NaH and -CD on arm number and on the molecular weight of s-PCLs, and the relationship between the polymerization time and monomer conversion were investigated. Moreover, the physical properties of linear PCL (l-PCL) and sPCLs with similar molecular weights but different arm number were studied and compared by DSC, SEM and intrinsic viscosity measurement, respectively. It was found that the feed molar ratio of NaH and -CD is an important factor which influences both the molecular weight and arm number. The melting points and intrinsic viscosities of s-PCLs with similar molecular weights were lower than that of l-PCL, and were found to decrease with increasing arm number. Both SEM and AFM showed that the surface morphology of s-PCL films was different from that of l-PCL. These results indicated that s-PCL with different arms and physical properties could be synthesized using just a -CD core by adjusting the feed molar ratio of NaH and -CD.
Introduction
Poly(-caprolactone) (PCL) is one of the most widely studied aliphatic polyesters used in the field of biomedicine because of its unique properties such as biodegradability, biocompatibility, miscibility with other polymers, permeability to a wide range of drugs, and so on [1, 2] . However, the high methylene content and crystallinity of the polymer causes high hydrophobicity and a slow biodegradation rate and a low drug encapsulation capability, which have all limited its use in medical applications considerably [3] . Therefore, it is necessary to modify the physical properties of the polymer on structure basis. The most promising approach to overcome these problems involves the introduction of branched structures or hydrophilic segments into PCL to decrease the crystallinity or increase the hydrophilicity, such as amphiphilic linear blocks [4] , star-shaped polymers [5, 6] , and graft copolymers [7, 8] .
Star-shaped polymers, because of their higher segment density within the distance of their radius of rotation compared to that of linear polymers under the same conditions, have gained much more attention in recent years [9] [10] [11] [12] [13] [14] . The excluded volume effects are more pronounced in star-shaped polymers, causing them to have low melting points. This offers improved processability without deteriorating the mechanical properties and ease of control of the surface functionality [15] . Moreover, the star-shaped polymers exhibit useful rheological and mechanical properties in comparison to conventional linear polymers and are anticipated to display unique morphologies and degradation behaviors. Traditionally, star-shaped PCLs (s-PCLs) were usually synthesized by the ring opening polymerization of -CL using Sn(Oct) 2 as the catalyst in the presence of multifunctional alcohols such as glycerol [16] , pentaerythritol [17] , star-shaped poly(ethylene glycol) [18] or dendrimer [19] etc. Sn(Oct) 2 is very efficient, however, its biosafety concerning in vivo applications is still questionable [20] . The search for tin-free catalysts of greater biosafety is hence a new topic in this field [21, 22] . Recently, several publications have reported the synthesis of PCL-grafted amphiphilic copolymer through protection-graft-deprotection route or coupling reactions. For example, Chen et al. synthesized chitosan-graft-PCL using 6-O-tripheylmethyl-chitosan as an intermediate for PCL grafting [23] and Guan et al. synthesized it by a coupling reaction between the carboxylic terminal groups of PCL chains and amino groups of 6-O-tripheylmethyl-chitosan [24] . The main drawbacks of these approaches are that extra protection/deprotection routes were added and the protective small molecules may have remained in the resultant products, which could bring adverse effect in applications as biomedical materials.
Cyclodextrins (CDs) are naturally occurring cyclomaltooligosaccharides containing either six (-CD), seven (-CD) or eight (-CD) -(1→4)-D-glucopyranosyl rings. The cyclodextrin structure takes the form of a toroid or a hollow tapering cone. The interior of the toroid (i.e. the central cavity) is hydrophobic as a result of the electronrich glycoside oxygen atoms. The exterior of the toroid is hydrophilic, and is therefore capable of interacting with aqueous medium during solvation. Therefore, CDs have been used pharmaceutically and biologically for solubilization, encapsulation, and transportation of small hydrophobic molecules such as toxins and drugs [25] . On the other hand, CDs should be a suitable core-molecule, because they are well-defined cyclic molecules with fixed numbers of primary and secondary hydroxyl groups. For instance, -CD has seven primary and fourteen secondary hydroxyl groups that can be chemically-modified selectively. Though, many CDs-based star-shaped polymers have been investigated [26] [27] [28] , little is known about the synthesis and properties of s-PCLs formed from CD cores [29] . Jiang et al. have reported the synthesis of -CD cored star-shaped polyacrylonitrile and part dithiocarboxyl -CD by -CD oxyanion [30, 31] . -CD oxyanions can be readily obtained by the deprotonation of the hydroxyl groups of -CD with NaH and the oxyanion number can be adjusted by controlling the amount of NaH used in the feed [32, 33] . If s-PCLs were synthesized through anionic ring opening polymerization by -CD oxyanion, Sn(Oct) 2 catalyst and the protection-deprotection synthetical routes can be avoided.
In this article, novel -CD cored s-PCLs with different arm number were synthesized and characterized. The factors influencing the arm number, molecular weight, polymerization time and monomer conversion were studied. The physical properties of the s-PCLs with different arms but having similar molecular weights were also investigated. To the best of our knowledge, this is the first report of the synthesis of -CD cored s-PCLs. As such, the anionic ring opening polymerization initiated by-CD oxyanions maybe a wise choice for future biomedical polyester synthesis. It is expected that the -CD cored s-PCLs will have excellent properties and would be used as novel biodegradable materials.
Results and discussion
Dependence of monomer conversion on polymerization time at different feed molar ratio of NaH and -CD (N NaH/-CD )
For "living" anionic polymerization, the polymerization rate would depend on the nature of monomer, initiator, solvent, temperature etc. Since N NaH/-CD controls the oxyanion number of -CD, the -CD oxyanions with different oxyanion number would have different initiation or propagation activities. To investigate the relationship between N NaH/-CD and the polymerization rate, the dependence of monomer conversion on polymerization time at different N NaH/-CD was examined by gravimetric method and the results are shown in Figure 1 . It was found that the polymerization rate was enhanced by increasing N NaH/-CD . This can be explained by: the higher the N NaH/-CD , the more the oxyanion number (i.e., the more the initiating centres). However, the final conversions remained at different levels at the end of polymerization. These results suggested that N NaH/-CD (i.e. the oxyanion number of -CD) affected both the polymerization rate and the final conversion. This was probably due to the difference in the initiative activity induced by the different oxyanion number and different oxyanion positions of -CD. In the structure, all the secondary hydroxyl groups (2, 3-OH) are on one side and all the primary hydroxyl groups (6-OH) are on the other side of the -CD ring. Reported as Menger [34] and Rowland [35] , among the three types of hydroxyl groups, those at the 6-position are the most reactive towards electrophilic reagents because they are primary hydroxyl groups. The hydroxyl groups at the 2-position are the most acidic while the hydroxyl groups at the 3-position are the least reactive. These might be attributed to the hydrogen bonds formed between the protons of the hydroxyl groups at the 3-position and the oxygen atoms of the hydroxyl groups at the 2-position, which could stabilize the oxyanion. So, the equilibrium may exist between the inactive form of the stabilized oxyanion and the active form of the separated ion pairs. Moreover, this equilibrium may extend to the growing anionic PCL chains also. As a result, if N NaH/-CD was equal to 7, probably most of the seven oxyanions are formed at the 6-position [36, 37] , While intermolecular hydrogen bonds maybe formed between the 6-position oxyanions and the oxygen atoms of the hydroxyl groups at the 2,3-position of another -CD molecule. If N NaH/-CD was above 7, part of the hydroxyl groups at the 2,3-position were also deprotonated to form oxyanions. Further, if N NaH/-CD was equal to 21, all of the 21 hydroxyl groups formed oxyanions, so that the number of intramolecular and/or intermolecular hydrogen bonds decreased and disappeared thoroughly. Consequently, the  -CD oxyanions were converted from the inactive form to the active form increasingly and completely when N NaH/-CD was equal to 21. So, the polymerization rate and final conversions were increased with increasing N NaH/-CD .
Orbicular structure of the s-PCLs
Comparing the FTIR spectrum of s-PCL with that of -CD (Figure 2 ), a new intense absorption peak at 2871 cm -1 appeared which was aroused by the symmetrical stretching vibration of -CH 2 -in the -CL chain, and 2956 cm -1 corresponding to the unsymmetrical stretching vibration. The peak at 1735 cm -1 was contributed to the stretching vibration of C=O from -CL. Furthermore, the absorption peak of -CD at 944 cm -1 that was brought by the vibration of ring and skeleton including  -1, 4 linkages was found in s-PCL. The absorption peaks brought by the -C-O-and -C-O-C-stretching vibration of -CD at 1157 cm -1 , 1080 cm -1 and 1035 cm -1 were also found in s-PCL. So, the orbicular structure of -CD was not destroyed during the polymerization processes. The intensity of the hydroxyl group peak of s-PCL (3438cm -1 ) was weaker than that of -CD (3407cm -1 ). This was attributed to the reduction in the relative content of hydroxyl groups in s-PCL. So, the FTIR results indicated the formation of s-PCL with a -CD core. 
Arm number, average arm length and molecular weight
The s-PCLs were characterized by 1 H-NMR and GPC to calculate the arm number of PCL chains (N arm ), average arm length (n NMR ) and molecular weight (M n-NMR , M n-GPC , M w-GPC ). The results are summarized in [38, 39] . The average number of hydroxyl groups in the -CD core that take part in the polymerization process (i.e. N arm ) was calculated by comparing the peak integrals (represented by S) of 2, 3-OH, 6-OH and of the proton marked H 1 based on Eq. (1). Terms of N 2, 3-OH and N 6-OH represent the arm number contributed respectively by 2,3-OH and 6-OH of -CD. The overall number of H 1 in one s-PCL molecule is always 7 and the number of d can be calculated as 2n NMR ×N arm , so the value of n NMR can be calculated by comparing the peak integrals of H 1 with d as in Eq. (2). The M n-NMR was calculated as in Eq. (3); 114.15 as the molecular weight of -CL and 1135 as the molecular weight of -CD. 
No
.
Conv. As shown in No.1 of Figure 3 , the peak integrals of 2, 3-OH (0.0689) were nearly equal to the two fold value of H 1 (0.0349), which indicated that probably none of the 2, 3-OH had participated in the initial polymerization, and that the hydroxyl groups participated in the polymerization were attributed to the 6-OH. When N NaH/-CD was above 7, the signal at 4.39-4.50 ppm of 6-OH was completely absent (No.4), indicating that all of the 6-OH and part of the 2, 3-OH had participated in the initial polymerization. However, it was difficult to tell apart the definite hydroxyl group numbers participated in the initial polymerization of 2-OH or 3-OH due to the mixture of peaks in 1 H-NMR spectrum. The average arm number calculated from the 1 H-NMR results (N arm ) were all lower than that of the theoretical value (N NaH/-CD ), it may have been potentially produced by steric hindrance of -CD or the presence of protic impurities in the polymerization system, meaning that not all of the oxyanions took part in the initial reaction with -CL to form PCL arms. The average molecular weights calculated from 1 H-NMR results (M n-NMR ) were generally in agreement with the theoretical values (M n-theo. ). This indicated that the homopolymer of -CL did not occur at all or at least not to any significant extent. Because the N NMR was lower than the N theo. , the average chain length calculated from 1 H-NMR (n NMR ) was higher than that from the theoretical (n theo. ).
Fig. 3. 400MHz 1 H-NMR spectra of s-PCLs.
The GPC results of s-PCLs showed that all s-PCLs displayed monodisperse curves and a single peak (Figure 4 ). This suggests that the polymerization proceeds via a single mechanism and the homopolymerization of -CL did not occur at all or at least not to any significant extent. The values of molecular weight determined by GPC are lower than the theoretically calculated molecular weights and calculated from 1 H-NMR. This is due to the fact that GPC analysis is not an appropriate method to determine the molecular weight of star-shaped polymers because of the limited resolution of the separation of star-shaped polymers [40] . This can also be explained by the smaller hydrodynamic volume of star-shaped polymers when compared to their linear analogues, as well as by the calibration of the system being performed with linear polystyrene standards [41, 42] . In this study, we have observed that the polydispersity indices (PDI) ( Table 1) obtained becomes narrow with increasing N NaH/-CD and achieves a complete conversion of -CL. This implied that a -CD initiator system with higher number of oxyanions could promote the living ring opening polymerization of -CL with a fast transfer between the active species (oxyanion and growing polymer species) and the monomer, in other words, the polymerization rate is promoted by the increase in the oxyanion number of -CD.
Effect of N arm on physical properties of s-PCLs
It is evident that the chemical structure of a polymer would have a significant effect on its physical properties. The star-shaped polymers surely have physical properties different from those of their linear counterparts. According to the above polymerization results and conditions, linear PCL (l-PCL) and s-PCLs with different arm number but similar molecular weights have been synthesized. Some of their physical properties were measured and listed in Table 2 .
Tab. 2. Physical properties of l-and s-PCLs.
No. 
Solution properties
Viscosity measurements in dilute solution gave the intrinsic viscosity, which depends on molecular weight, solvent interaction and structural properties. So, the determination of the intrinsic viscosity ([]) is an effective method to investigate and prove the molecular structure of polymers. Therefore, the [] values of l-PCL and sPCLs were measured to characterize the molecular structural feature. As shown in Table 2 , l-PCL exhibits a higher [] value than that of s-PCL at a similar molecular weight. This is contributed to the coiling character of the polymers. That is, the star polymers have smaller hydrodynamic volume than the linear polymers at the same molecular weight [43, 44] Another empirical formula about the relationship of the g′-factor and arm number (f) of a star-shaped polymer, expressed as equation (5), has been suggested by Douglas [45] . For comparison, we calculated the values of f of s-PCLs according to the two equations. It was shown that the value of f was in agreement with the arm number determined by 1 H-NMR.
Thermal properties Figure 5 shows the DSC curves of 6-, 9-and 13-armed s-PCLs along with l-PCL with similar molecular weights. The expected decrease in the maximal melting temperature (T m ) could be observed. Comparing T m among the polymers, the order of T m was as follows: l-> 6-armed > 9-armed > 13-armed. It is concluded that N arm affects the T m significantly such that T m decreases with increasing N arm with similar molecular weight. As reported previously [28] , the actual T m is determined by the length of the arms and not by the molar mass of the entire molecule, so the polymers with similar arm length showed T m 's similar to each other, irrespective of the N arm . It can be imagined, that the s-PCLs has decreasing molecular weight of each PCL arm linking to the -CD core with the increasing N arm , which induces the s-PCLs to have higher chain mobility due to greater free volume and increased arm density of PCL (N arm per unit mass). Much more end groups and branching points of s-PCLs can also lead to lower the T m of the s-PCLs. On the other hand, the introduction of noncrystalline oligosaccharide -CD core may also decrease the melting of s-PCLs. 
Surface morphology of films
Surface morphology usually plays a critical role in the end-use and final performance of biomaterials, e.g., wettability, cell adhesion or drug release behavior etc [46, 47] . The surface morphologies of drop-cast films on glass of the 13-armed s-PCL and linear counterpart were characterized by SEM and their micrographs are shown in Figure 6 . As can be seen in Figure 6 , the surface morphology of the l-PCL film is practically smooth, while the 13-armed s-PCL is uneven and wrinkled. The uneven surface morphology of the 13-armed s-PCL film was further investigated with AFM. As shown by the AFM phase image in Figure 7 , the wrinkled surface morphology was formed by entangled clusters comprised of regularly arranged lines; the morphology is typical of a micelle structure due to the formation of ordered domains. Since the -CD core and the PCL segments have contrasting solubilities in THF, it was presumed tentatively that the regularly arranged lines maybe formed by self-assembly. Further detailed investigations regarding the surface morphology formation mechanism of sPCLs and the effects of the star-shaped structure of the polymer e.g. arm number and arm length on the surface properties are ongoing. 
Conclusions
This work describes the synthesis, structural characterization and differences in physical properties of a new class of s-PCLs with -CD cores. It is concluded that the feed molar ratio of NaH and -CD influences both the molecular weight and arm number, thereby the different physical properties of the s-PCLs. So, a platform is presented in this work to not only manipulate the molecular weight and arm number of the s-PCLs with -CD cores by anionic ring opening polymerization, but also to adjust the different physical properties of s-PCLs. The new oxyanion initiator system developed in this study is thought to be an alternative for the tin-based catalyst system employed in the ring opening polymerization of cyclic esters due to the much milder conditions, the nontoxic character and the possibility of synthesis of the starshaped polymers with desired end groups in a single stage by quenching the polymerization with the corresponding product (acid, anhydride etc.). The s-PCLs synthesized by the oxyanion initiator system are expected to perform as excellent biocompatible/biodegradable polyesters for drug delivery system or tissue engineering.
Experimental

Materials
-CD hydrate (Fluka) was dried over P 2 O 5 in vacuum at 100 0 C overnight before use. -Caprolactone (Fluka, 99%) was dried over CaH 2 at room temperature for 48 h and then purified by vacuum distillation before use. Pyridine was dried by refluxing over Na-K under nitrogen for 24 h and then the middle distillation fraction was collected in a dried, air-free glass container. Stannous octoate (Sn(Oct) 2 , Sigma, 99%) was used as received. All other reagents were obtained commercially and used without further purification.
-Synthesis of l-PCL and s-PCLs
The l-PCL homopolymer was synthesized according to a method described previously [48] .
A typical example synthesis procedure of s-PCLs (Table 1 , No.2) is described as below: 14.02 mg (0.584 mmol) NaH was added to a solution of preweighed -CD (94.69 mg, 0.083 mmol) in pyridine (10 ml) in a glove box under nitrogen atmosphere, and then stirred for 12 h at room temperature until the solution became clear. Then, a calculated amount of -CL (2 g, 17.52 mmol) was injected into the pyridine solution via syringe under stirring at room temperature and nitrogen atmosphere. After 100 min, the reaction mixture was slowly added dropwise into 150 ml of cold 0.1 N HCl aqueous solution. After washing three times with distilled water and methanol, the isolated polymer was dried in a vacuum at 50 0 C for 48 h, then the conversion was determined by gravimetric method (42%). The general synthetic procedure is illustrated in Figure 8 . 
Measurements
Fourier Transform Infra-red spectra (FT-IR) were measured on a Nicolet Nexus 670 series spectrophotometer. The thin film for FTIR analysis was prepared by casting a tetrahydrofuran (THF) solution of the sample (1.5 mg/ml) onto a KBr crystal disk and dried in a vacuum oven at room temperature. Nuclear Magnetic Resonance spectroscopy ( 1 H-NMR) was performed on a Varian Mercury-400 spectrometer at room temperature in DMSO-d 6 the polymer solution and that of the solvent, respectively. The dilute solutions were prepared by dissolving the polymers in THF. Scanning Electron Microscopy (SEM) imaging of the polymers was obtained using a HITACHI S-2500 model instrument, Tokyo, Japan. Thin films on glass slides were prepared by drop casting from a polymer solution in THF (0.5% w/v) and after solvent evaporation in air, the films were dried in vacuum at room temperature for 24 h. Samples were then coated with an ultra thin layer of gold or platinum for SEM observation. Atomic Force Microscopy (AFM) was performed on a multimode scanning probe microscope by Veeco Instruments (Santa Barbara, CA). For the AFM measurement, a solution of the starshaped PCL in THF was drop-cast onto mica. After solvent evaporation in air, the mica was dried in vacuum at room temperature for 24 h. Image was obtained in tapping mode with silicon tips (RTESP).
